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’ INTRODUCTION

Nanoparticulate TiO2 has several physical properties that can
make it an ideal gas sensing material such as good thermal
stability, high surface area, and most importantly, electrical
resistance that depends on the presence of oxidizing and reduc-
ing gases. For TiO2, intrinsic oxygen vacancies are responsible for
the n-type semiconducting properties.1 In the common bulk
phase of TiO2, i.e., rutile, conductivity decreases with increasing
partial pressure of O2 and increases with the number of donor
states associated with oxygen vacancy formation.2,3 The removal
of an oxygen atom leaves behind its associated�2 charge leading
to defects such as Ti3+ centers and F+ and F centers where one
or two electrons, respectively, are trapped at vacancies.4 Using
Kroeger�Vink notation, oxygen vacancy formation can be
represented as

2TiO2 f 2TiTi
x þ 3OO

x þ VO
•• þ 1

2
O2 þ 2e0 ð1Þ

O2 adsorption at these surface oxygen vacancies then leads to the
formation of O2

�, O�, or O2� species,5 resulting in electron
scavenging and an increase in resistivity. Conversely, reducing
gases such as CO, which react with adsorbed oxygen species,
decrease the film resistivity.6

A variety of optical spectroscopic techniques have revealed the
presence of different kinds of electron and hole traps associated

with defects.7,8 We have recently reported the visible defect PL of
nanocrystalline TiO2 that is observed on illumination with
photon energies above the band gap of 3.2 eV.9�11 By observing
the PL of mesoporous TiO2 films prepared from nanocrystalline
anatase in the presence of electron and hole scavengers, we have
resolved the overall broad visible PL into contributions from hole
and electron traps.10 The PL that peaks at a green wavelength,
∼530 nm, is assigned to the recombination of mobile (conduction
band and shallow-trapped) electrons with trapped holes. The PL
from the recombination of trapped electrons with valence band
holes, on the other hand, extends into the red and near-infrared
with a peak between 600 and 650 nm. Conditions that favor an
increase in the number of mobile electrons, such as vacuum
annealing to create n-donors in the form of oxygen vacancies,
result in increased emission at green wavelengths.11,12

The PL of the rutile phase of TiO2, on the other hand, occurs
in the near-IR and is much brighter and narrower than the PL
spectrum of anatase. Nakato et al. have assigned the rutile PL at
∼840 nm to recombination of conduction band electrons with
holes trapped on oxygen atoms on the (110) and (100) facets.13

In commercially available P25 nanoparticles (Aeroxide from
Degussa), which contain about 75% anatase and 25% rutile, PL

Received: February 17, 2011
Accepted: June 24, 2011

ABSTRACT: The photoluminescence (PL) of dense nano-
crystalline (anatase) TiO2 thin films is reported as a function of
calcination temperature, thickness, and tungsten and nickel
doping. The dependence of the optical absorption, Raman
spectra, and PL spectra on heat treatment and dopants reveals
the role of oxygen vacancies, crystallinity, and phase transfor-
mation in the performance of TiO2 films used as gas sensors.
The broad visible PL from defect states of compact and
undoped TiO2 films is found to be much brighter and less
sensitive to the presence of oxygen than that of mesoporous films. The dense nanocrystalline grains and the nanoparticles
comprising the mesoporous film are comparable in size, demonstrating the importance of film morphology and carrier transport in
determining the intensity of defect photoluminescence. At higher calcination temperatures, the transformation to rutile results in the
appearance of a dominant near-infrared peak. This characteristic change in the shape of the PL spectra demonstrates efficient
capture of conduction band electrons by the emerging rutile phase. The W-doped samples show diminished PL with quenching on
the red side of the emission spectrum occurring at lower concentration and eventual disappearance of the PL at higher W
concentration. The results are discussed within the context of the performance of the TiO2 thin films as CO gas sensors and the
chemical nature of luminescent defects.
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associated with red-emitting electron traps of anatase is appar-
ently quenched, as is the rutile PL, and only the green emission
from hole traps is observed.9 Nanocrystalline anatase in the
presence of hole scavengers such as ethanol gives rise to PL
similar to that of P25 as the recombination of the trapped
electrons is suppressed.10 Conversely, thermally treated anatase
films containing only minor amounts of rutile show a PL
spectrum dominated by the minority phase, owing to facile
interphasial electron transport and the much larger quantum
yield for rutile PL as opposed to that of anatase. Thus, the
intensity of PL depends not only on the concentration of
luminescent traps but also on the ease with which nascent
electron�hole pairs can be separated. The electron and hole
traps of nano-TiO2 strongly influence carrier transport in nano-
particulate TiO2

14 as well as the binding of adsorbates that
influence this carrier transport. Photoluminescence spectroscopy
is therefore a useful technique for investigating the physical basis
for the performance of TiO2-based gas sensors that respond
through changes in conductivity.

We have recently reported a study of nanocrystalline TiO2

thin films as sensors of O2 and CO.
15 In that work, it was found

that increasing calcination temperature from 600 to 800 �C
resulted in decreasing gas sensing performance and increased
activation energy for electronic conduction, both of which were
attributed to decreased surface area as revealed by XRD and
SEM. Films calcined at 900 �C showed further decrease in
performance and the emergence of the rutile phase. It was
hypothesized on the basis of results of ref 15 that crystallinity
of the TiO2 film influences the adsorption and desorption of O2,
a key aspect of sensing performance. In the present work, we
exploit the dependence of PL intensity on the density of defects
and carrier transport to further examine the microscopic basis for
gas sensing performance of films calcined at different tempera-
tures. The ability of oxygen to scavenge conduction band
electrons and decrease PL intensity provides a direct link to
sensing performance. We also include a study of the PL from Ni-
andW-doped films as it relates to their performance as sensors.34

The PL results presented here shed light on the basis for superior
performance of W-doped TiO2 as a gas sensor. For the undoped
films, we find striking differences between the PL of compact
anatase films compared to that of previously studied mesoporous
films, revealing the importance of transport in determining the
intensity of trap state PL. Our results shed light on the physical
basis for trap state luminescence, while revealing how dopants
and thermal treatment influence sensor performance.

’EXPERIMENTAL SECTION

Titanium-based metal�organic sols were created by dissolving
titanium(IV) isopropoxide (Ti[OCH(CH3)2]4 97% min., Alfa Aesar)
in 2-methoxyethanol (CH3OCH2CH2OH 99.3+%, Alfa Aesar) in an
argon atmosphere. Tungsten(VI)isopropoxide (W[OCH(CH3)2]6,
Alfa Aesar) and nickel(II) methoxyethoxide (Ni(OCH2CH2OCH3)2,
Alfa Aesar) were used as the dopant sources. Sols were created with
metal ion compositions of 0, 2.5, 5, 10 at.%W and 10 at.%Ni balanced by
Ti. Metal ionic concentration was kept at 0.5M for all sols. The solutions
were refluxed in an oil bath at 120 �C for 6 h under constant argon flow
to ensure homogeneity.
TiO2-based thin films were created by spin-coating the Ti sols onto a

quartz substrate as described in more detail in ref 15. Films were created
in two thicknesses by controlling the number of spin coated depositions:
2 or 12 layers. After every fourth deposition, the films were calcined,
oxidized, and crystallized in a furnace between 600 and 900 �C.

Cross-sectional SEM images showed no evidence of layers after calcina-
tion, as expected for this solution-phase deposition process.34 Film
resistance and gas sensing measurements were performed in a quartz
tube furnace with controlled flowing gas atmosphere and temperature.
Scanning electron microscope and X-ray diffraction techniques were
used to characterize the morphology and crystal structure.

UV�visible absorption spectra of thin films were measured using a
UV-2501PC Shimadzu spectrophotometer scanning from 800 to
250 nm. The Raman spectra were measured using 5 mW 413.1 nm Kr+
excitation, a double monochromator, and a PMT detector. The photo-
luminescence spectra were taken in backscattering geometry using a
20mW350.7 nmKr+ excitation with a 385 nm long pass filter before the
slit of an ACTON SpectraPro 2300i spectrometer.

’RESULTS AND DISCUSSION

1. Characterization of Dense Nanocrystalline TiO2 Films.
The X-ray diffraction (XRD), Raman spectra, and field emission
scanning electron microscopy (FE-SEM) images of undoped
dense TiO2 films calcined at 600, 700, 800, and 900 �C are shown
in Figures S1, S2, and S3 the Supporting Information, respec-
tively. The images confirm that the undoped films have little
porosity compared to the ∼50% porosity of the nanocrystalline
films, which were the subject of previous photoluminescence
studies.9�11 The presence of rutile in the anatase phase is an
important aspect of gas sensing performance.35 The XRD and
Raman data of Figures S1 and S2 of the Supporting Information
show that the samples calcined at 600, 700, and 800 �C are
predominantly in the anatase phase, while the XRD of the 900 �C
shows the emergence of rutile. However, as shown below, the PL
spectrum of mixed-phase samples is much more sensitive to the
presence of minor amounts of rutile than is XRD or Raman, and
rutile PL will be evident in the film calcined at 800 �C.
The resistivity properties of undoped dense TiO2 films

calcined at 600, 700, 800, and 900 �C were previously reported,
based on TiO2 films prepared by a citrate�nitrate synthetic
procedure.15 The best sensing response was achieved with a film
calcined at 800 �C and was attributed to crystallization of amor-
phous material to the anatase phase. For films prepared using the
same procedure as used here, the best sensors were those based
on films that had been calcined at 600�700 �C (Figure 5).34 Film
morphology is an important aspect of sensor performance.36 The
FE-SEM images shown in Figure S3 of the Supporting Informa-
tion reveal little porosity and grain sizes that increase from
about 60 to 150 nm for calcination at 600 to 900 �C, respectively.
XRD measurements showed an increase in cystallinity between
600 and 700 �C, grain growth between 700 and 800 �C, and the
onset of rutile formation in the 900 �C sample.
Previous work with thin film sensors15 and the characteriza-

tion data of Figures S1�S3 of the Supporting Information are for
12-layer films, while the optical absorption spectra reported
below in Figure 4 are for 2-layer films. Each spin-coated layer
contributes between 70 and 80 nm to the film thickness, and
therefore, the 12-layer and 2-layer films are about 800�1000 nm
and 140�160 nm thick, respectively. The 2-layer films were
prepared in order to be able to determine the optical absorption
in transmission.
2. Photoluminescence of Undoped Thin Films. Figure 1

compares the PL spectrum of a dense TiO2 film calcined at
600 �C to that of a mesoporous TiO2 film prepared from 6 nm
anatase particles sintered at 450 �C according to the procedure of
ref 16. Both samples are in the anatase phase, and the shapes of
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their PL spectra are similar. The apparent structure in the
emission spectrum of the thin film sample is a result of inter-
ference, as shown below. Thus, the main difference in the dense
and porous films is that there is an order of magnitude more
intense PL from the dense film and very weak quenching by
oxygen. The penetration depth of the incident light at the 350 nm
excitation wavelength is about 0.5 μm based on the absorption
coefficient of ∼20,000 cm�1 reported in ref 17. However, that
data was for a mesoporous film of TiO2 nanotubes; hence, the
penetration depth in our dense thin film may be even smaller.
The thickness of the dense film is about 0.8�1 μm and that of the
∼50% porous nanocrystalline films is on the order of 10 μm.
Thus, both films are thicker than the penetration depth of the
incident light, and the intensity difference between them is not
due to an increase in the amount of TiO2 sampled in the dense
film. We attribute the more efficient PL quenching by air in the
case of the mesoporous film, which is approximately 50% porous,
to the much larger surface area available for adsorption of O2 and
thus greater scavenging of conduction band electrons. As in the
case of rutile18 and other gas sensing oxides,19�21 evidence
suggests O2 adsorbs on surface oxygen vacancies of anatase.
Becuse luminescent defects reside on the nanoparticle

surface,9,36 more intense PL from the dense film is surprising
at first glance. However, the intensity of defect PL in TiO2 also
depends on carrier transport, which competes with radiative
recombination, as well as the defect density. We hypothesize that
more intense PL from the dense nanoparticle film results from
grain boundaries, which impede interparticle electron transport.
Carrier transport is related to the width of the neck between
nanoparticles.22 In the conceptual depiction of a TiO2 gas sensor
film,23 particle interconnectivity is controlled to prevent trans-
port of charges within the film, thus maximizing the charges
available for the sensing mechanism. The different intensities
of the dense and mesoporous films seen here might reflect
differences in both carrier transport and defect density. This
conclusion seems reasonable in light of studies that suggest the
presence of grain boundary barriers associated with interface trap
states24,25 and that they have greater importance in microcrystal-
line as compared to nanocrystalline TiO2 films.26 The weaker
quenching effect of ambient O2 in the case of the dense TiO2

films is attributed to the lower accessibility of oxygen vacancy
binding sites at these buried interfaces. However, as shown in
Figure S4 of the Supporting Information, O2 has an increasingly
greater quenching effect on the PL of samples calcined at 700,
800, and 900 �C than for the 600 �C sample, though never as
large as the effect on the PL of a mesoporous film. On the basis of
the Raman and X-ray data for the latter samples, we hypothesize
that the amorphous TiO2 content of the 600 �C sample,
presumably on the surface, is unfavorable to binding O2. At the
same time, there is possibly an increase in the number of oxygen
vacancies in the films annealed at higher temperatures.
Figure 2 shows the PL of undoped TiO2 films that were

subjected to calcination at 600, 700, 800, and 900 �C. In all cases,
anatase is the majority phase as shown by Raman spectroscopy
and XRD, with a small amount of rutile evident in the XRD of the
900 �C film. As shown in Figure S2 of the Supporting Informa-
tion, the normalized intensity of the 143 cm�1 Raman peak
shows little variation in width or frequency for the four samples.
This peak is known to broaden and shift when significant
numbers of oxygen vacancies are present.27 However, the general
increase in intensity of anatase Raman lines with higher calcina-
tion temperature is in agreement with an increase in crystallinity
as reported in ref 15 on the basis of XRD and SEM images shown
in the Supporting Information.
The samples calcined at 600 and 700 �C show only the visible

PL of anatase, while the 800 and 900 �C samples reveal the near-
IR PL of minor amounts of rutile. The quantum yield of rutile PL
is orders of magnitude larger than that of anatase, making the PL
spectrummuchmore sensitive for detecting small amounts of rutile.
In addition, the conduction band edge of rutile is about 0.2 eV
lower than that of anatase,28 enabling interphasial transport of
conduction band electrons from anatase to rutile. Between 600
and 700 �C there is a slight increase in anatase PL with no change
in shape. This could be the result of enhanced crystallinity. We
have shown that the photoluminescent hole and electron traps of
anatase are sequestered on different exposed crystal planes of
anatase.10 (It is worth noting that the typical anatase PL shown in
Figures 1 and 2 are not present in amorphous TiO2 nanoparticles
where more blue emission is observed.29) The slight increase in
intensity of PL in the 700 �C sample compared to the 600 �C film
could be correlated to enhanced crystallinity.30 On increasing the
calcination temperature from 700 to 800 �C, there is a further
overall increase in the anatase PL accompanied by a blue-shift in

Figure 1. PL from a 12-layer dense nanocrystalline TiO2 film, calcined
at 600 �C, in air and in argon compared to that from a mesoporous
anatase film in air and in argon.

Figure 2. PL of dense 12-layer nanocrystalline TiO2 films, excited at
350 nm and recorded in argon, as a function of calcination temperature.
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the peak. This blue-shift is associated with increased formation of
oxygen vacancies11 and correlates well with the decrease in base-
line resistivity in this temperature range.15 In addition, the near-
IR PL of rutile emerges for the 800 �C sample. After calcination at
900 �C, there is an overall decrease in both the anatase and rutile
components of the PL, despite the increase in rutile content. The
peak at about 540 nm in the anatase PL for this sample is
significantly less intense. This suggests quenching of the red-
emitting electron traps as seen previously in mesoporous anatase
films heated at 900 �C and also containing small amounts of
rutile.10 The rutile PL does not arise from defects but rather from
holes trapped on 3-fold coordinated oxygen atoms of the exposed
(110) and (100) surfaces.13 Hence, the decrease in rutile PL from
800 to 900 �C could be the result of an increase in size of the
rutile particles and thus a decrease in the surface-to-volume ratio.
As reported previously, FE-SEM images and XRD reveal increase
in grain size from 800 to 900 �C. This explains the overall
decrease in the intensity of PL from surface defects. At the same
time, less intimate connection of anatase and rutile phases in the
900 �C sample would decrease the ability of the rutile phase to act
as a sink for conduction band electrons from anatase, also
contributing to weaker rutile PL.
As shown in Figure S4 of the Supporting Information, the PL

of the 12-layer dense films becomes more sensitive to oxygen for
films subjected to higher calcination temperature. The PL of the
700 �C sample is slightly reduced in air compared to argon. This
effect is small compared to the approximately 3-fold reduction in
PL on exposing the 800 �C film to air. Exposure of the 900 �C
film to air instead of argon resulted in almost complete quench-
ing of the anatase emission with only a slight reduction in the
rutile PL. These observations may indicate an increase in oxygen
vacancy content in the 800 �C sample over that of the films
calcined at lower temperature, which results in bothmore intense
PL as well as greater sensitivity to O2 as an electron scavenger.
Increased oxygen vacancy content is also suggested by the
decreased resistance of the films with increasing calcination
temperature between 700 and 900 �C. Note that the near-IR PL
from pure rutile nanoparticles is not very sensitive to oxygen.10

Greater quenching of the rutile component of the PL by air in the
case of the 800 �C versus the 900 �C sample is also evidence that
the particles of the two phases are in better electrical contact in

the former film than in the latter, accounting for the increased
rutile emission in the 800 �C film.
Figure 3 shows the effect of the efficient hole scavenger

ethanol (EtOH) on the PL from the 12-layer 600 �C film. In
the presence of air, the PL from the dense film shows an envelope
that matches the scaled PL spectrum from a mesoporous anatase
film. Exposure of the dense films to EtOH shuts off the red PL
from the recombination of trapped electrons with valence band
holes, leaving a spectrumwhich resembles that of P25, which is in
agreement with our previous results.10 Thus, despite the smaller
exposed surface area of the compact film compared to the
mesoporous film, EtOH can still efficiently scavenge valence
band holes. This is in contrast to effect of oxygen as an electron
scavenger, for which scavenging depends on the accessibility of
defect-related adsorption sites.
The PL of the dense film in Figure 3 shows definite structure

that is not seen in thicker mesoporous films. These peaks were
found to be more pronounced when the excitation beam was
more tightly focused at the sample. Assuming that this structure
results from interference, the thickness d of the film was
calculated from 2n(λ)/λ = i/d, where i is the peak number,
and n(λ) is the refractive index at wavelength λ. Taking n(λ) as
the average of the values at 320 and 400 nm for anatase,31 the film
thickness was calculated to be 1000 nm, in good agreement with
the value taken from SEM images, i.e., between 800 and 1200 nm
as reported in ref 34. This confirms that the structure in the
spectra of Figures 2 and 3 is the result of interference.
The same defects that give rise to visible PL could also lead to

band tails in the absorption spectrum.16 An alternative explana-
tion is that the band tails are associated with amorphous TiO2,
which decreases with increasing calcination temperature.32 The
absorption spectra of 2-layer films, which are thin enough for
measurement in transmission, were obtained as a function of
calcination temperature. Figure 4 shows the absorbance and PL
spectra of 2-layer films that were subjected to calcination at 600,
700, 800, and 900 �C. The absorbance spectra in all films show a
maximum at around 250 nm (4.9 eV) and a shoulder at 300 nm
(4.1 eV). Some variations in the band tail region were present
and showed the 700 �C film as having the largest maximum
absorbance and the steepest absorption edge.
As shown in Figure 4, the PL spectra of the 2-layer films exhibit

some important differences compared to the spectra of the
thicker films shown in Figure 2. Interference fringes are absent
as expected for the thinner film. Though the intensity trends with
calcination temperature are similar to those seen in the thicker
film, there is no hint of rutile emission, even for films calcined at
900 �C. In all cases, the visible emission from anatase shows a
peak at about 550 nm, which is blue-shifted compared to the
anatase PL from the thicker film. The most intense PL was
observed in the film with the steepest band edge, calcined at
700 �C. However, there are no clear trends for the remaining
films, and the variations in PL are much larger than the variations
in the normalized absorption spectra. This lack of correlation
may be tied to the importance of carrier transport in determining
the intensity of the PL or may be a result of both amorphous
material and oxygen vacancies contributing to the band tails.
The absence of a rutile peak, even for the 900 �C sample, may

be related to the size-dependent stability of anatase and rutile
nanoparticles.33 The rutile phase is favored for crystallite dimen-
sions above 50 nm; therefore, the 140�160 nm thickness of the
2-layer film is not as favorable to rutile nanoparticle formation
as the thicker (∼1000 nm) films. Another striking difference

Figure 3. PL spectrum of a mesoporous anatase film normalized to the
samemaximum intensity as the PL of a dense 12-layer TiO2 film calcined
at 600 �C. The PL from the dense film in contact with ethanol (EtOH) is
also shown compared to the spectrum of a mesoporous film of P25
measured in argon.
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compared to the thick films is the greater sensitivity to oxygen in
the case of the 2-layer films. The PL data shown in Figure 4 were
recorded in argon and can be compared to the same data
recorded in air where the intensity is reduced by roughly a factor
of 2 (Figure S5 of the Supporting Information). This is attributed
to the larger ratio of exposed surface area to illuminated volume.
Because the PL spectra of the thin and thick films were recorded
with the same incident power density, the appearance of a peak in
the green for thin layer films corresponds to a higher photo-
generation rate of electron�hole pairs, and thus, PL is dominated
by the radiative recombination of conduction band electrons
with trapped holes.
2. Doped Thin Films. The thin films were doped with nickel

and tungsten resulting in either p-type or n-type electrical
behavior, respectively. The following defect reactions occur upon
doping

TiO2 f
W

W6 þ ••
Ti4þ þ 2OX

O þ 2e0 ð2Þ

TiO2 f
Ni

Ni2þTi4þ þ 2OX
O þ 2h• ð3Þ

Calcining of films doped with aliovalent cations nickel and
tungsten was done at different temperatures for each dopant
because of the different phase stability of the anatase�rutile

transformation in doped TiO2 and to avoid the formation of
unwanted phases such as tungsten oxide with increasing heat
treatment temperature.34 As shown by the XRD (Figure S6 of the
Supporting Information) and Raman spectra (Figure S3 of the
Supporting Information), theW-doped film calcined at 700 �C is
in the anatase phase, while the Ni-doped film at 900 �C shows
conversion to rutile, even though the undoped sample at this
temperature remained predominantly in the anatase phase. This
is evidence that nickel as a substitutional impurity enhances the
formation of rutile in accord with similar observations in the
literature.38

Figure 5 shows the performance of the doped and undoped
samples as sensors for CO.We found that incorporating tungsten
strongly enhanced the n-type conduction, while nickel created
some p-type conduction. The dopants had the same effect on gas
response: increased n-type response for W-doped and p-type
response for Ni-doped sensors. The most notable influence of
the dopants (especially tungsten) was that their effect on the
sensing performance seemed to be somewhat independent of the
grain size or amount of rutile formation [i.e., the 10% W sample
calcined at 600 (100% anatase)] had the same good n-type
response as the 10%W sample calcined at 900 (nearly all rutile).
These results indicated that the extrinsic defects from the
addition of tungsten dominated the sensing response irrespective
of the microstructure or crystalline phase. TheW-doped samples
outperformed pure TiO2, and the best performance was found
for the 10% W sensor.
The PL spectra of the doped films are shown in Figure 6. In the

case of tungsten, dopant concentrations from 2.5% to 10% result
in a strong green PL, consistent with the greater availability of
mobile electrons in this n-doped sample. The intensity of PL
decreases with increasing W content, suggesting that the dopant
itself is acting as a donor rather than merely facilitating the
formation of oxygen vacancies. The weak yellow coloration of the
W-doped films raises the question as to whether the changes in
PL of Figure 6 are the result of self-absorption of the emitted
light. However, this can be ruled out because the presence of W
extends the absorption band edge into the blue and cannot
account for reduced intensity of the PL at more red wavelengths.
In the case of the Ni-doped sample, for which both XRD and

Raman reveal complete conversion to rutile on calcination at

Figure 4. Absorbance (left) and photoluminescence (right) of 2-layer dense films of nanocrystalline anatase, as a function of calcination temperature.
The inset shows the absorbance spectra normalized to the same maximum. The PL spectra were recorded in argon.

Figure 5. Performance of W- and Ni-doped films as CO sensors
compared to that of pure TiO2.
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900 �C, the near-IR PL shown in Figure 6 is characteristic of the
rutile phase as expected. Interestingly, the Ni-doped film shows a
peak at about 820 nm corresponding to the holes trapped on the
(110) surface, while the 840 nm peak associated with the (100)
surface is absent.13 The absence of PL from the (100) surface
may be the result of the nature of the growth of the rutile particles
from the pre-existing anatase particles.
3. Relation to Gas Sensing.Gas sensor performance is gauged

through the ratio of film resistance exposed to the target gas against
the resistancewhen exposed to the background gas.34 For films pre-
pared by the same sol�gel method used in the present work, gas
sensing was optimal when films had been calcined at 600�700 �C
(Figure 5, ref 34). This was attributed to the competing effects of
particle size and crystallinity, which both increase with calcination
temperature. While enhanced crystallinity is favorable to the
response, it comes at the expense of decreased surface area for
gas adsorption. Evidence exists that for TiO2 in both the rutile

18,39

and the anatase32 phases, O2 is adsorbed in the immediate
neighborhood of a vacancy where it scavenges trapped electrons.
These vacancies give rise to the defect PL and also provide binding
sites that allow O2 to quench the PL through electron scavenging.
The ratio, therefore, of the photoluminescence in argon and to that
in air might be expected to correlate to the sensitivity of the film’s
resistance to its environment. In undoped samples, the ratio most
different from unity was seen in the film calcined at 800 �C,
followed by 900 �C, then by 700 �C (Figure S4 of the Supporting
Information). However, as shown in Figure 5, the response to CO
was larger for the films calcined at 600�700 �C, for which there is
only a small effect of air on the intensity of PL. The basis for this
apparent discrepancy may lie in the competing effects of defect
density and transport on the intensity of anatase PL and the
extraordinary role of minor amounts of rutile. For the undoped
sample calcined at 800 �C, the PL spectrum showed evidence of
rutile even though the amount is too low to be detected by XRDor
Raman. Thus, although the PL for this film in air reveals efficient
electron scavenging by adsorbed oxygen, the transport is dominated
by rutile sinks, and thus, the film resistance is not as oxygen-
dependent as that of the films calcined at lower temperature and
lacking the rutile phase. It is possible that while higher calcination
temperature improved the crystallinity of the films (allowing for
more oxygen vacancies to be close to the surface), the transport of

the charges is also improved. One important thing to keep inmind
is the difference in conditions between PL measurements and
resistivity testing. Sensing tests were performed at higher tem-
peratures, and the absorption and desorption reactions may occur
at different rates at room temperature.
Oxygen vacancies are sites of O2 adsorption and dissociation,

39

and the adatom formed reacts with the target gases (carbon
monoxide for instance) causing the change in film resistance.
From the defect reactions, doping with tungsten creates n-type
carriers; creation of oxygen vacancies also results in similar
charges. As mentioned earlier, the PL decreased upon addition
of small amounts of tungsten supporting the possible consequence
of tungsten-doping as pointed out by the defect reaction, which is
the decrease in the driving force for oxygen vacancy formation.
W-doping improves the gas response ratio, despite the apparent
decrease in number of oxygen vacancies as judged by the
decrease in PL intensity. As shown in Figure S9 of the Supporting
Information, however, the W-doped samples annealed at 700 �C
undergo significant quenching by air, on the order of 40 to 60%,
compared to only about 25% quenching for the undoped sample
annealed at the same temperature. In the case of the W-doped
samples, we do not see evidence for rutile sinks, and the effect of
air on the PL does appear to correlate with the improved gas
response ratio in the W-doped sample. Thus, the W-doped
samples display good response as sensors despite apparently
fewer oxygen vacancies.
To understand this, it is important to note the source and

location of the dissociation of O2. Studies by Du et al.39,18 on
rutile surfaces show that the charges that transfer from the surface
to the adsorbed O2 are electrons from oxygen vacancies, and that
these charges can migrate through the lattice making them
delocalized over the vicinity of the vacancy. This means that
not just a single oxygen vacancy contributes its charge to the
dissociation but several. From ref 18 also, the O2 dissociation was
seen to be on the Ti rows, where the electrons are delocalized.
Upon tungsten doping, the carrier charges (electrons) are still
created upon substitution, and these could still travel to the
surface. Although this study was done in rutile (110) surfaces,
similar behavior is thought to be the reason for the improved gas
sensing with tungsten doping. In undoped samples, the charges
are associated with the creation of oxygen vacancies, which were

Figure 6. PL spectra of W-doped (left) and Ni-doped 12-layer films calcined at 700 and 900 �C, respectively, and recorded in argon. The inset at left
shows the spectra of the W-doped films scaled to the same maximum. The PL of the Ni-doped film at right is compared to a scaled PL spectrum of a
mesoporous film of rutile nanoparticles from ref 10.
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seen to be healed by some O-adatoms; thus, there are fewer
O-adatoms available for the reaction with target gases. On the
other hand, W-doping makes more n-type carriers or electrons
available for dissociation of O2, and more O-adatoms are created
and available for the reaction with target gases. Nickel-doped
samples showed the presence of a significant amount of rutile and
have been observed to have p-type conductivity1 at elevated
temperatures and are seen to be responsible for the p-type sensor
behavior.34

’CONCLUSIONS

The photoluminescence of titanium dioxide is an indication of
the number of intraband gap states and the efficiency of carrier
transport. The much larger PL intensity from the dense nano-
crystalline films used as sensors, as compared to previously
studied porous nanocrystalline films, is attributed to the larger
number of grain boundaries in the former, which impede the
carrier transport that competes with radiative recombination of
trapped and mobile charges. The PL from dense films is also
much less quenched by oxygen than that of porous films because
the O2 binding sites at buried interfaces are less accessible.

Our previously reported data suggests that the green PL of
anatase is attributable to oxygen vacancies.11 The difference in
the PL intensity for the same sample in argon and in air shows the
relative number of sites that are available to bind electron-
scavenging O2. Though this difference is larger in the samples
calcined at higher temperatures, 800 and 900 �C, the presence of
rutile in these samples results in interphasial electron transport
and decreases the sensitivity of the sensor to the target gas. Rutile
is stable at larger dimensions, and by limiting the sample
thickness to approximately 150 nm, its formation can be sup-
pressed. Tungsten doping results in an overall decrease in the PL
with increasing amount of dopant, suggesting a decrease in the
number of oxygen vacancies while keeping the carriers required
for O2 dissociation. Nickel doping lowers the transformation
temperature of anatase to rutile, resulting in a large percentage of
rutile in the doped sample leading to its p-type sensor behavior.

The present results demonstrate that photoluminescence is a
more sensitive measure of minor amounts of rutile in the majority
anatase phase than is Raman and XRD. Though higher calcina-
tion temperatures promote the conversion of amorphous material
to crystalline anatase, the concurrent emergence of rutile, as
revealed by the PL spectra, dominates the carrier transport owing
to its ability to act as a sink for conduction band electrons,
resulting in reduced gas sensor response. The present results also
confirm our hypothesis that luminescent defects reside on specific
crystal planes, resulting in increased intensity of PL and increased
number of oxygen-binding defects for films with improved crys-
tallinity, as confirmed by XRD and Raman.

’ASSOCIATED CONTENT

bS Supporting Information. XRD (Figure S1), Raman (Figure
S2), and SEM images (Figure S3) of undoped films as a function of
calcination temperature; photoluminescence of undoped 12-layer
films (Figure S4) and 2-layer films (Figure S5) in argon and air
as a function of calcination temperature; XRD (Figure S6), Raman
and PL (Figure S7), and SEM images (Figure S8) of W- and
Ni-doped films; and PL of W-doped films in air and argon (Figure
S9). This information is available free of charge via the Internet at
http://pubs.acs.org/.
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